We estimate the winter sea ice export through the Fram Strait using ice motion from satellite passive microwave data. Sea ice motion (October through 
Introduction
The present examination of ice flux through Fram Strait pertains to a much largerproblem: the episodic freshening of the surface waters of the Greenland and Labrador seas and the control these events have on the global ocean thermohaline circulation [Dickson et al., 19881. To estimate the volume flux one ideally would want time dependent profiles across the strait of the normal component of velocity and of ice thickness. Both have proven difficult to obtain.
Climatological velocity profiles have been extracted from dnfting. buoy data [ Vinje and Finnekasa, 1986; Moritz, 19881 and seasonal profiles have been extracted from AVHRR [Martin, 19961. Ice draft data continue to be the most sparse; those obtained from submarine sonar data give some cross-strait variations [ Wadhams, 1983; Vinje and Finnekasa, 19861 and those obtained more recently from moored sonars resolve six years of temporal variability [ Vinje et al., 19981. What makes observing this ice flux so difficult is the very property needed to relate it to climate change: its temporal variability. Because thickness observations are so difficult to obtain, models probably offer the best insight into how the variability of ice thickness contributes to the variability of volume flux. In a box model calculation dnven by velocities, Thomas et al.
[ Oscillation (AO) by Thompson and Wallace [in press ]. They show in fact that the oscillation is seen throughout the arctic atmosphere up to the lower stratosphere. This lends credence to describing these oscillations fundamentally as atmospheric phenomena rather than surface or sea ice events. Below we show correlations between the winter ice flux through Fram Strait and these indices.
Our contribution to the topic is to bring to bear new data on ice motion derived from passive microwave imagery. This new source of ice motion data adds to others: buoy drift trajectories, and tracking from higher resolution imagery such as S A R (synthetic aperture radar), Landsat, and AVHRR (Advanced Very High Resolution Radiometer). Its limitation is that fairly course spatial resolution of the imagery produces standard deviations of about 6 km for individual displacement vectors. Its great strengths are its spatial coverage and the length of the data record which is nearly twenty years for the combination of SMMR (Scanning Multifrequency
Microwave Radiometer) and SSM/I (Special Sensor Microwave Imager). We use this latter asset to investigate not only the mean but also the interannual variability of flux through the strait.
In Section 2, we show monthly mean profiles of speed across our llflux gate" for eight winter months and consider the errors in area flux estimates. Section 3 presents estimates of area flux over the 18 years of SMMR and SSWI passive microwave imagery. Our data are only for
October through May; the ice is not tracked well in passive microwave imagery in summer.
The estimate is extended to summer by correlating area flux with the pressure gradient across Fram Strait. In Section 4 we explore the correlation of area flux during the "deep winter" months of December through March with the index of the North Atlantic Oscillation (NAO) and with the Arctic Oscillation (AO), and show how the circulation within the Arctic Ocean varies with NAO. In Section 5 we use the ice thickness values of Vinje et al. [in press ] to produce volume flux estimates and similarly extend them to summer by using pressure gradients across Fram Strait. Obviously our winter area flux estimates are the most robust of these estimates; our extensions to summer and volume flux are more speculative, but still useful.
Sea Ice Area Flux
The 37 GHz channel data from the SMMR and S S M instruments contain the longest satellite passive microwave record of the Arctic from 1978-present whereas the 85 GHz channel data are available for a much shorter period from 1991-present. Ice motion extracted from 37 GHz passive microwave data, albeit at lower resolution, can provide us with a multi-decadal record for estimation of ice area flux. In this section, we demonstrate that consistent estimates of area flux can be obtained during the overlapping 37 GHz and 85 GHz datasets in the 90's. This allows us to extend the methodology, with some confidence, to the computation of ice area flux using the lower resolution channel from 1978 through 1996.
Ice Motion from Satellite Passive Microwave Data
We use ice motion from satellite passive microwave data to estimate the ice area export Summer ice motion is unreliable due to the confounding effects of surface melt and atmospheric water vapor and estimates of summer ice area flux will not be addressed in this paper.
The ice motion used in this paper is produced by the ice tracking procedure described in Kwok et al. [ 19981. In the motion tracker, the magnitude of the normalized cross-correlation coefficient is used as the measure of similarity between patches in the passive microwave datasets. Patches are small nxn pixel sub-images from the brightness temperature field. The method, which has been well used previously, involves finding the spatial offset that maximizes the cross-correlation coefficient of the brightness temperature fields of patches in two images separated in time. Starting with an approximate location on the second image, we compute the correlation coefficient between a patch from the first image and another patch of the same size on the second image. This correlation value is recorded. The computation is repeated at each position as the array from the first image is shifted on a two dimensional grid to obtain an array of correlation coefficients. The peak of this sampled surface is considered to be the location of maximum; and the ice motion is the difference in geographic locations of the centers of the two patches. This procedure is repeated for each patch extracted from the first image. We focus the ice tracker on extracting ice motion from a region of approximately 780 km x 780 km centered around the flux gates shown in Fig. 1 . As discussed Kwok et al.
[ 19981, the ice tracker produces better quality results when the tracking procedure is applied to a subset of the brightness temperature field where the ice motion is expected to be coherent over the interval of interest.
Daily ice motion is extracted from the 85 GHz V record between 1991 and 1996. Between 1978 and 1996,2-day ice motion is produced from the 37 GHz V passive microwave record because these brightness temperature fields are available at two-day intervals during the SMMR period (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) and a longer time separation between sequential observations increases the signal (displacement) to noise (resolution) ratio of the motion estimates. The size of the patches used in the tracking procedure are 70 km x 70 km for the 85 GHz data and 140 km x 140 km for the 37 GHz data. We sample the motion field on a uniform grid of 20
km. This creates an oversampled motion field useful in the comparison and interpolation processes discussed below.
We assess the errors associated with the measurement of ice motion near the Fram Strait by comparing contemporaneous buoy motion with the closest 85 GHz and 37 GHz ice motion sample from the gridded dataset. Table 1 shows the the difference between the winter passive microwave derived ice motion and available buoy motion which we assume to be 'truth'. For comparison, the mean displacements of the samples are shown on the same table. The mean error seems unbiased. The standard error ranges between 4.4-6.7 km for the 85 GHz channel and 7.1-13.0 km for the 37 GHz channel. The higher standard error for ice motion from the lower frequency channel is expected. In all cases, the standard errors are smaller than the mean displacement (signal) of the samples used in the comparison. We note that there is a smaller number of samples in the 37 GHz comparison because of the 2-day motion sampling and the smaller number of observations from the 37 GHz channel.
Motion Profile across Flux Gate
We define two flux gates across the Fram Strait. Flux gate a is positioned along a 400 km line, roughly along 8 1°N, drawn across the passage between Antarctic Bay in northeast Greenland and the northwestern tip of Svalbard (Fig. 1) . Flux gate b, positioned further south closer to where most upward-looking sonars are moored, is discussed in a later section. We placed flux gate a at 8 1"N since the area flux estimate across this line is more indicative of area export from the Arctic Ocean. Further south, ice area is typically added due to divergenceof the ice cover. For the motion profile across this passage, we assume no motion at the two coastal endpoints of the flux gate. In order to avoid contamination of the motion estimates by non-ice pixels of the coast, the higher resolution 85 GHz channel can provide motion observations no closer than 35 km of the coast i.e. half the patch size used in the ice tracker.
The mean monthly 85 GHz ice motion profiles across flux gate a over the years 199 1 through 1996 are shown in Fig. 2 . To create these profiles, we first interpolate the gridded ice motion field to twenty uniformly-spaced points along the flux gate. Cubic splines, constrained to go zero at the endpoints, are then fit to the two components of the motion vectors to fill gaps in the motion estimates along the line. The vectors are projected onto the unit normal of the flux gate to obtain the magnitude of ice motion through the passage. The SMMR and SSM/I ice concentration products are used to mask out the ice free samples along the line. The east end of the passage is frequently ice free. The profiles show that the motion tend to increase rapidly and peaks at around 8-9"W, stays fairly uniform and taper off to zero around 2-3 "Ewe discuss the implication of uncertainty in the shape of the motion profile near the coast later in this section.
The 37 GHz channel motion observations, however, are limited to providing observations outside of 70 km from the coast, therefore there are gaps between the observations in the center 260 km of the passage and the two coastal points. We fill in the gaps in the 37 GHz observations by using the motion profile from the 85 GHz observations with the following procedure. First, we create motion estimates at 40 km from each endpoint. We find one observation closest to the location we wish to create this motion estimate. That observation is then used to scale the average monthly 85 GHz motion profile (based on the 5-year record)
to provide a motion estimate at the point. Finally, we. fit cubic splines to the 37 GHz observations and the two estimates to obtain the ice motion at the twenty points along the flux line. The ice concentration masks are applied after this step.
Estimation of Area Flux -Error Analysis
We assume 100% ice concentration, within the 15% ice edge, in the calculation of the ice area flux. The area flux, F, is estimated by integrating the ice motion over the twenty points along the flux gate using the simple trapezoidal rule, where u is the magnitude of the motion perpendicular to the flux gate and Ax is the spacing between the motion estimates along the flux gate. The annual winter area flux is the sum of the daily and 2-day area flux from the beginnningof October until the end of May. A second source of error in the area flux estimates is the model of the motion profile near the coast. We assume that there is no motion at the coastal endpoints of the flux gate and that the motion increases smoothly from those points to 35 km off the coast where the observations are available (Fig. 4a) . A departure from this assumption would introduce biases in the area flux estimates. In the worst case, if the profile were uniform across the strait and the motion near the coasts did not go to zero (as depicted in Fig 4b) , we would underestimate the area flux by approximately 10 %. We examined ice motion derived from the ERS-1 Synthetic Aperture Radar (SAR) data within 50 km of the coastal endpoint of gate a. All 27 observations available between January and October 1993 have velocities of less than 1 km/day. These are comparable to the magnitude of ice motion in the profiles in Fig. 2 . We believe that this source of error to be less than 10% and the small mean difference between the 85 GHz vs 37 GHz area flux could be introduced by the procedure used to estimate the motion samples near the coast.
Using the five years of overlapping 85 GHz and 37 GHz ice motion measurements, our procedure provided consistent estimates of area flux through the Fram Strait. We discussed the possible biases in the estimates due to the lack of knowledge of the coastal motion profiles in the data. Uncertainties in the winter ice area flux due to ice motion errors are 17,000 k m 2 and 25,000 k m 2 for the daily 85 GHz and 2-day 37 GHz observations. We expect the ice motion extracted from the 37 GHz channel of SMMR that had identical spatial resolution and was operational between 1978-1987 to provide us with similar error characteristics. We use the procedure described above to construct an 18-year record of winter area flux.
Area Flux: An 18-year record
In this section, we discuss the monthly variability, the seasonal variability and interannual variability of the flux estimates, its dependence on the gradient in the sea-level pressure' across the Fram Strait and the procedure for estimating summer area flux.
Winter Area Flux
The 1 8-year record of winter area flux computed using the procedure described in the previous section is shown in Table 3a . 
Summer Area Flux
To obtain year-round flux area flux estimates, we use the coefficents from the regression of the time series of area flux versus pressure gradient across the Fram Strait. The monthly summer area flux, F, , , , , shown in Table 3b is estimated using the following relationship, 
Winttr Area Flux and NAO
We find a strong connection between the winter area flux and the North Atlantic Oscillation (NAO). The NAO is a major source of interannunal variability in the atmospheric circulation pattern in the North Atlantic [Hurrell, 19951 and is most pronounced during winter and accounts for more than one-third of the total variance in the sea-level pressure (SLP). Hurrell 
NAO and Sea-level Pressure
Since ice motion is largely wind-dnven and is nearly parallel to isobars of surface pressure, we examine the difference (Fig. 10) (Fig. 1 1) . Positive NAO produces higher winds through the Fram Strait thus enhancing ice area export. We also note that the enhanced wind forcing is equally pronounced over the Denmark Strait. The difference field ( Fig. 1 IC) shows a large-scale depression of more than 12 mb 
NAO, Arctic Oscillation (AO) and Iceflux
Recently, Thompson and Wallace [1998] atmosphere and the strength of polar vortex. This lends credence to describing these oscillations fundamentally as atmospheric phenomena rather than surface or sea ice events. They exert significant influence on the ice balance of the Arctic Ocean.
VolumeFlux: 1990-1995
To compute the ice volume flux, we use the cross-strait thickness profile at 79% (gate b in Fig.   1 ) as parameterized by Vinje et al. [1998] . The ice thickness, h, as a function of longitude, A, is given by, h0(t)(-0.127il+0.37)
where h,(t) is the thickness at 5OW. This thickness profile is derived from upward-looking sonar (ULS) observations at different locations and times in 1992, 1993 and 1995. The monthly mean h,, between October 1990 and July 1996 from ULS measurements are given in Table 9 of Vinje et al. [ 19981. Using this thickness profile estimate, the monthly volume flux, F,,, is, iceedge F,(t> = Jh(x,t)u(x,t)dx coast where x is the distance along the flux gate and u(x,,t) is the motion profile at 79"N. We derive another set of motion profiles along 79ON from our gridded ice motion observations using the procedures described in section 2. The uncertainty in the volume flux, o,, can be estimated by, We can crudely extrapolate our winter estimate through summer to obtain a mean annual estimate. If simply we multiply our 8-month value by 1.5 to allow for four summer months, we obtain a mean flux of 2617 km3/yr. However, it appears that summer fluxes are lower than winter fluxes. From Table 10 The volume flux, FV, is then computed using the thickness data as described above. Table 5b shows these summer volume flux estimates. The time-series of these estimates are plotted in Fig. 12 . The mean annual area flux over the period 1990-1995 is 2366 k m 3 , with the summer contributing approximately 24% to the total volume. This is our best estimate of the mean volume flux.
In Table 5b , we compare our volume flux with the estimates of Vinje et al. [ 19981. The primary difference between our procedures is that their ice flux is estimated using a parameterization of the ice motion based on the pressure gradient across the Fram Strait while ours is based on ice motion derived fkom satellite passive microwave data. The trend is similar but lower by approximately 650 k m 3 . Table 6 shows other volume flux estimates as much as two times greater although results fkom recent work are more comparable. A lower value by Thomas et al.
[ 19961 covers a period of low NAO. Certainly, given the range of variability of ice flux in our six-years record and potential decadal trends in this quantity, care should be taken in comparing non-contemporaneous ice flux records.
Conclusions
We have constructed an 18-year record (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) 
